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* Basis on Rigid Body Motion on SE(3)
- Passivity-based Visual Motion Observer (VMO) [1]

* VMO with Target Object Motion Model
+ Convergence of Orientation Estimates
Point 1: Velocity Feedback as Passivation
+ Convergence of Position Estimates
Point 2: Two-stage-proof and Perturbation Theory
» Class of Velocity Models
Point 3: Developments of Software

+ Concluding Remarks
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15,No. 1, _ppTA'QH—OJSR% 2007

iy Relative Pose and Body Velocity

‘Tokyo Institute of Technolog

Pose of Vision Camera

Fue = (Pue: €7¢) (37)
Pose of Object

Gweo = (Pu'm EEGWI)) (38)

Pui € R 2 Position

i & §0(3) : Orientation
(Guo = Guebeo)
e ][ e |, }

Pose of Object relative to U
Vision Camera . i e—g’ﬁu(pw ~ D)
Geo = (Peor ) (39) :l/e i i d
Body Velocity of Vision Camera &% ) ‘ Peo
y v - . Vision Camera Frame 35 .
=[O | @ v st w2) .
Body Velocity of Object ' \ V.

b
Vi, = [ o | @3) V=000, (44)
Body Velocity of Object relative to
Vision Camera

Object Frame
Fig. 14: Relative Pose and Body Velocity of]

Object relative to Vision Camera

P
\"':[,,;,"] (45) Vi =9 d. (46)  inSE@)

“ieo

World Frame

iy Relative Rigid Body Motion

Tokyo Institute of Technolog

Relative Rigid Body Motion Vb = gl G e = Guwe V2,

. _ b b
Jeo = —Vipeleo + GeoVipo i P .
Body \elocity of ~ Body \Elocity

Vision Camera  0f Object l'{fﬂ, = 9 e P 1

.{1,( 0
—>

World Frame

Object Frame

—

h Feature Points

‘Tokyo Institute of Technolog

Unknown

V’

u'Ol not measurable l‘”"‘ (i=1.m)
&_{ Relative Rigid #“ Feature }i}
Body Motion Points
Fig. 18: Block Diagram of Relative Rigid Body Motion with Vision Camera
Object’s i-th Feature Point
Poi ('B = 1, c \m)m24
i-th Feature Point

Tei
Pei = GeoPoi=| 1y | (62) Eg?éltjre‘
O

<ol

Pel Gealol

Pe = Object Frame World Frame

N Pem Geolom | (63) own Fic.;. 19: Pinhole Camera Model ﬁ



http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Cdot%7Bg%7D_%7Bco%7D%7D%0D%0A%3D-%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7Bg_%7Bco%7D%7D%0D%0A%2B%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7Bg_%7Bco%7D%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7B%5Chat%7BV%7D%5Eb_%7Bwo%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Cdot%7Bg%7D_%7Bwc%7D%3Dg_%7Bwc%7D%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7B%5Cdot%7Bg%7D_%7Bwo%7D%3Dg_%7Bwo%7D%5Chat%7BV%7D%5Eb_%7Bwo%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Cdot%7Bg%7D_%7Bwc%7D%3Dg_%7Bwc%7D%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Cdot%7Bg%7D_%7Bwc%7D%3Dg_%7Bwc%7D%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Cdot%7Bg%7D_%7Bwc%7D%3Dg_%7Bwc%7D%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7B%5Cdot%7Bg%7D_%7Bwo%7D%3Dg_%7Bwo%7D%5Chat%7BV%7D%5Eb_%7Bwo%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7B%5Cdot%7Bg%7D_%7Bwo%7D%3Dg_%7Bwo%7D%5Chat%7BV%7D%5Eb_%7Bwo%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7B%5Cdot%7Bg%7D_%7Bwo%7D%3Dg_%7Bwo%7D%5Chat%7BV%7D%5Eb_%7Bwo%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7B%5Cdot%7Bg%7D_%7Bwo%7D%3Dg_%7Bwo%7D%5Chat%7BV%7D%5Eb_%7Bwo%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7B%5Cdot%7Bg%7D_%7Bwo%7D%3Dg_%7Bwo%7D%5Chat%7BV%7D%5Eb_%7Bwo%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Cdot%7Bg%7D_%7Bwc%7D%3Dg_%7Bwc%7D%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Cdot%7Bg%7D_%7Bwc%7D%3Dg_%7Bwc%7D%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Cdot%7Bg%7D_%7Bwc%7D%3Dg_%7Bwc%7D%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7Bg_%7Bco%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Cdot%7Bg%7D_%7Bwc%7D%3Dg_%7Bwc%7D%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7B%5Cdot%7Bg%7D_%7Bwo%7D%3Dg_%7Bwo%7D%5Chat%7BV%7D%5Eb_%7Bwo%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7Bg_%7Bco%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0%2C0.6%2C0%7D%7B%5Cdot%7Bg%7D_%7Bwo%7D%3Dg_%7Bwo%7D%5Chat%7BV%7D%5Eb_%7Bwo%7D%7D%0D%0A%5Cend%7Balign*%7D

iy Perspective Projection

Tokyo Institute of Technolog)

Unknov\T:/rjh Vision Camera

u-Ol not measyrable lpm (i=1.m)  measufable

b . n

Viee [Relative Rigid 9 “l,| Feature Pe Perspective i | .
Body Motion Points Projection

Fig. 18: Block Diagram of Relative Rigid Body Motion with Vision Camera

Perspective Projection (Pinhole Camera)I

5 [f} :A{i (64)
f;,s e[ ei |

Image Information (m Points) Feature g Pei
Ara Point }

J.] VL-‘;“ 1
f(.qt‘nj =l - |= (65)

mage Plane

Vision Camera
. Frame

T

Object Frame World Frame

Unknown  gig 19: pinhole Camera Model
Techonlog bﬂmﬂ

h Outline

Tokyo Institute of Technolog

- Passivity-based Visual Motion Observer (VMO) [1]

- VMO with Target Object Motion Model
+ Convergence of Orientation Estimates
Point 1: Velocity Feedback as Passivation
+ Convergence of Position Estimates
Point 2: Two-stage-proof and Perturbation Theory
+ Class of Velocity Models
Point 3: Developments of Software

+ Concluding Remarks

[1] M. Fujita, H. Kawai and M. W. Spong, “Passivity-based Dynamic Visual Feedback Control for
Three Dimensional Target Tracking: Stability and L2-gain Performance Analysis,” IEEE TCST, Vo)
15.No. 1, pp. 40-52, 2007.
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- VMO with Target Object Motion Model
+ Convergence of Orientation Estimates
Point 1: Velocity Feedback as Passivation
+ Convergence of Position Estimates
Point 2: Two-stage-proof and Perturbation Theory
+ Class of Velocity Models
Point 3: Developments of Software

+ Concluding Remarks

[1] M. Fujita, H. Kawai and M. W. Spong, “Passivity-based Dynamic Visual Feedback Control for
Three Dimensional Target Tracking: Stability and L2-gain Performance Analysis,” IEEE TCST, Vo)
15.No. 1, pp. 40-52, 2007
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iy Closing An Inner Loop
Tokyo sttt of Techrlogs
Estimation Error System with Inner Loop u,, = — K e,
V., = —Kee
oo = —V0ogee — il vt
Yee u-ogfc Uelee + Gee wo

Controller Output: (., V.) Measured Output: f. — e,

h Division into Position and Orientation Parts

Tokyo Institute of Technolog

. (b - ‘b
Gee = —Vigee — Gegee + eV, (e = (Vue, wue))
d e p,, _ _ [Gwe + e Th,+vue] [0 pe

0 1] 0 1

dt | 0 1
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e pe] [@we Vi
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B €0, £00eq, ]
Relative Rigid - V. ’ [ﬁf 0 : ULW_
b elative Rigi A ¢
E Body Motion Visi L‘;j\ 5 £ 0, ~ A - 1
Calsm Ce e8P0 = 8% — (o + Gue)et?
—L @, — 3
C i a - -
Relative Rigid C\Q%%?a = Pee = et U?go — (Wwo + Wye)Pee — 1'2,‘0 — Uye
Body Motion Model 7
Ue Model = Ee Inner Loop Vuv | _ e [ €ep te] _ g [eer
- uw, = —Ke, Wyy EeR We €eR
iy Evolution of Orientation Error iy Time Derivative of Energy and Lemma 1

Tokyo Institute of Technolog,

260ce _ EBec 3 - €0ec
66 - EE Wio — (qu + WUE)EE

o= by b 3 g b
Pee = € UVipo — (“’((‘0 + wye )pcc — Vo — Vue

Orientation evolution is independent of the position evolution
while position evolution depends on orientation evolution

We first consider the orientation part é¥%e = €50, — (Go + Gue )50
Energy Function: ¢(ef%) = %Lr(f;; — by

Time Derivative of ¢(ef%<) along with (1):

lefer) = (sk(e¥) )T (wio — €% (Do + wue))

= (s’k((des= )V)T(”‘;tl'u - (':;tl'u + W‘uﬁ)} [(sk(!{)"']TR: (51(("“\})]-]

Tokyo Institute of Technolog

T A
= €.RpWe — CeRWye [Ee = (€ep, €cRr) = (J)E.Hk(ew‘”‘)v)]

Technolog

The system would be passive from

o EBeey — T o )
o(e = e.pWe — CoRW ) )
A ) LenWe = CeR%ue ;10 _c.p without the first term elow

Inner Loop .
w, = —Ke, [1_’5] - K "EP]
V. = —Ke, = Chi2
1 2 : Lo, g T
SH_- = ﬁ wg” S;U- = wa (71&6531?) = —W,_ €cR
Estimation Error System with Inner Loop w, = — K e,

) we = —Keer
£80ec — 659.::@.100 _ (é)wo + Gf'-ue)ese"

(]H = (ﬁ(ﬁé&:“) + S:.u [IH - (7CCR)TWue

Lemma 1: The total system (1) is passive from wue to —€cr
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iy Interpretation of Inner Loop (Point 1)
Tokyo Institute of Technolog)
Estimation Error System with Inner Loop u, = — Ke,
V., = —Ke,
jee = Vb sgee — i vl
Yee u_-ggec Uelfee + Yee wo

Controller Output: (e., V)  Measured Output: fo — €,

The inner loop is viewed as “Passivation” at least for orientation

b
we v
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Vvh 2 K Y
Body Motion Vision L\;j\ e
€
Geo Camera
- — Vision |
Relative Rigid Camera —
Body Motion Model | 1
Ue Model — [P
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awo

h Lemma 2

‘Tokyo Institute of Technolog

Lemma 2: The trajectory of U along with

{.’DE = 7KEZER
ebPee = by (Ewo + Que)efe"-
with wue = (—K)(—¢ecr) = Ke.r is non-increasing

(Proof) Ug = (—eer) wue = —K||eqr|? <0
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Body Motion
Model
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LaSalle Invariance Principle

Suppose that a system & = f () has a positively invariant set 2.
If a function V satisfies V(z) < 0 ¥z & 2, then all the state
trajectories converge to the largest invariant set contained in the set
E = {z Q| V(z) =0}
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What is the state equation & = f(x) of the estimation error system?
Estimation Error System with Inner Loop , = — ¢,

not a function of we = Wuo

—
Yo

we = —Keer
éEan. = (&Y Swo — j_‘“w,,{t’-‘ ) — [\'S]{(ﬁsg' =-)E,_59(.=
""‘"i(‘u =0

Controller Output: (ecr,w.) Measured Output: f. — e,
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What is the set ) for the estimation error system? Inthe set £ = { (8% we, wao)| 8% = I}, we have

State: (5% , W, W)

we = —Keep

ééﬂee _ (['g‘g” - iw[,ge( ) — Ksk(eéﬂee)eésgp
U = ¢(ef%) + S,

(eé"-v-:wt.) never gets out of the set €2, = { (e, w, )| Up < const. }

Up = —K|ler|* <0

Wae = 0| never gets out of the set €23 = {w| w = const.}
Q=0 xQ

V = Ui = —Klleor||> < 0 holds for all (€57, we, wyo) € Q
B E = {(c5, wp.wua)| Un = ||ecr]] = 0} = {029, we, wuo)| e =1}

e80ee = (ef0eclyy, — Dyoetfer) — Ksk(e80e )ebfee
.£8 N N The velocity estimate is
B ¢80 = Gy — Qo =
equal to the actual one

From LaSalle invariance principle, all the trajectories of (ré”“ s Wes Whpo)
asymptotically converge to the set

N L) = .
E = {(e8% ,we,wwo)| €% = I, @wo = wiwo}

Theorem 1: for the constant velocity motion 1", =0« RY,

the observer input u, = —Ke. wy. = (—K)(—e.p) = Ke.p
leads the estimates (e, &,,,,) to the actual values (2%, w,,)
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g General Motion

Actual Estimated
t,= f(x,) (_j‘,.— Flzy) gz ),

VP = h(zy) Vh = ()

wo wo

Tokyo Institute of Technolog)

. rh b - rh — — b _
Geo VideGeo + GeoVivo Geo = —VieGeo + JeoVipo + Geote

Velocity Error System Orientation Error System

Fo= fulzw) 80en = 800 — (B + Do) S0
To= fu () 0w (Z0 e

we= hy(z,) — hy(Z)

Assumption 1.1: the velocity error system is passive from Wy
to We with a storage function S, : T
€ ¢ w S, < '-‘)é' Wy

Assumption 1.2: the state T, is bounded — positively invariance

Technolog

h Theorem 1

Hetfee) = elpwe — Kleenl|* Su/K< wa(—lxecn) = —wier
Up < — Klecr|* <0

Corollary 1: Suppose that the target object motion satisfies
Assumption 1.1 and 1.2, then the observer input

uy = —Ke. wue = (—K)(—€cr) = Keer
leads the estimates (5%, &,,,) to the actual (€592, wyyo)

Conjecture : Under only assumption 1.1, at least the orientation
estimate converges to the actual value.

Up = —K|ecr|* <0
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* VMO with Target Object Motion Model

+ Convergence of Position Estimates

Point 2: Two-stage-proof and Perturbation Theory
+ Class of Velocity Models

Point 3: Developments of Software

+ Concluding Remarks

[1] M. Fujita, H. Kawai and M. W. Spong, “Passivity-based Dynamic Visual Feedback Control for
Three Dimensional Target Tracking: Stability and L2-gain Performance Analysis,” IEEE TCST, Vo]
15.No. 1, pp. 40-52, 2007.

iy Body? World? Spatial?

Tokyo Institute of Technolog)
In all of the research works at Fujita Lab. including pose sync. and
flocking, it is proved that both of the position and orientation errors
monotonically decrease simultaneously in order to use a framework

of Lyapunov, BUT... if robots have constant BODY velocity...

Ny g

In the presence of the orientation
4 error, the position error can increase
‘ estimate Y@ even in the presence of the position

target error feedbacks
orientation evolution is

2 B
\
independent of the position

— Orientations get equal ﬂ

In case of orientation, the body
angular velocity is independent
of the orientation error. The

iy Body? World? Spatial?

‘Tokyo Institute of Technolog

After the convergence of orientations ...

Position Feedbacks The velocities are equal from the
inertial frame and hence the situation
. ’ . . becomes equal to the case without

body velocity

The energy of the position error can temporarily increase and hence
we need a framework other than a simple Lyapunov Theorem

Case of Flocking

IR
\ 4
never executed without a common

knowledge on the reference fra%I

As aresult...

Tokyo it ol Techuol



http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%7B%5Cdot%7Bg%7D_%7Bco%7D%7D%0D%0A%3D-%7B%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%7Bg_%7Bco%7D%7D%0D%0A%2B%7Bg_%7Bco%7D%7D%0D%0A%7B%5Chat%7BV%7D%5Eb_%7Bwo%7D%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Cdot%7B%5Cbar%7Bg%7D%7D_%7Bco%7D%0D%0A%3D-%7B%5Chat%7BV%7D%5Eb_%7Bwc%7D%7D%0D%0A%7B%5Cbar%7Bg%7D_%7Bco%7D%7D%0D%0A%2B%7B%5Cbar%7Bg%7D_%7Bco%7D%7D%0D%0A%5Chat%7B%5Cbar%7BV%7D%7D%5Eb_%7Bwo%7D%2B%0D%0A%5Cbar%7Bg%7D_%7Bco%7Du_e%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%7B%5Cdot%7Bx%7D_v%20%26%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%3D%20f(x_v)%7D%7D%7D%5C%5C%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7BV%5Eb_%7Bwo%7D%7D%26%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%3Dh(x_v)%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%7B%5Cdot%7B%5Cbar%7Bx%7D%7D_v%20%26%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%3D%20f(%5Cbar%7Bx%7D_v)%7D%7D%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%2B%20g(%5Cbar%7Bx%7D_v)u_v%7D%5C%5C%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Cbar%7BV%7D%5Eb_%7Bwo%7D%7D%26%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%3Dh(%5Cbar%7Bx%7D_v)%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%7B%5Cdot%7B%7Bx%7D%7D_%7B%5Comega%7D%20%26%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%3D%20f_%7B%5Comega%7D(%7Bx%7D_%7B%5Comega%7D)%7D%7D%7D%5C%5C%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%7B%5Cdot%7B%5Cbar%7Bx%7D%7D_%7B%5Comega%7D%20%26%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%3D%20f_%7B%5Comega%7D(%5Cbar%7Bx%7D_%7B%5Comega%7D)%7D%7D%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%2B%20g_%7B%5Comega%7D(%5Cbar%7Bx%7D_%7B%5Comega%7D)%5Comega_%7Buv%7D%7D%5C%5C%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Comega_e%7D%20%26%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%3Dh_%7B%5Comega%7D(x_%7B%5Comega%7D)-h_%7B%5Comega%7D(%5Cbar%7Bx%7D_%7B%5Comega%7D)%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Cdot%7Be%7D%5E%7B%5Chat%7B%5Cxi%7D%5Ctheta_%7Bee%7D%7D%3D%20e%5E%7B%5Chat%7B%5Cxi%7D%5Ctheta_%7Bee%7D%7D%5Chat%7B%5Comega%7D_%7Bwo%7D-(%5Chat%7B%5Cbar%7B%5Comega%7D%7D_%7Bwo%7D%2B%5Chat%7B%5Comega%7D_%7Bue%7D)e%5E%7B%5Chat%7B%5Cxi%7D%5Ctheta_%7Bee%7D%7D%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Comega_%7Buv%7D%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Comega_e%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0AS_%7B%5Comega%7D%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0Ax_%7B%5Comega%7D%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B0.2%2C0.2%2C1%7D%7B%5Cdot%7BS%7D_%7B%5Comega%7D%5Cleq%20%5Comega%5ET_e%5Comega_%7Buv%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Cdot%7B%5Cphi%7D(e%5E%7B%5Chat%7B%5Cxi%7D%5Ctheta_%7Bee%7D%7D)%3D%0D%0A(%7B%5Crm%20sk%7D(e%5E%7B%5Chat%7B%5Cxi%7D%5Ctheta_%7Bee%7D%7D)%5E%7B%5Cvee%7D)%5ET(%7B%5Comega%7D_%7Bwo%7D-e%5E%7B%5Chat%7B%5Cxi%7D%5Ctheta_%7Bee%7D%7D%0D%0A(%5Cbar%7B%5Comega%7D_%7Bwo%7D%2B%5Comega_%7Bue%7D))%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%3De_%7BeR%7D%5ET%7B%5Comega%7D_%7Be%7D%0D%0A-K%5C%7Ce_%7BeR%7D%5C%7C%5E2%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Cdot%7BU%7D_R%3D(-e_%7BeR%7D)%5ET%5Comega_%7Bue%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Cdot%7BS%7D_%7B%5Comega%7D%2FK%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Cleq%7D%0D%0A%5Cfrac%7B1%7D%7BK%7D%5Comega_e%5ET(-Ke_%7BeR%7D)%3D%0D%0A-%5Comega_e%5ETe_%7BeR%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Cleq%7D%0D%0A-K%5C%7Ce_%7BeR%7D%5C%7C%5E2%5Cleq%200%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7Bu_v%3D-Ke_e%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Ctextcolor%5Brgb%5D%7B1%2C0%2C0%7D%7B%5Comega_%7Bue%7D%3D(-K)(-e_%7BeR%7D)%3DKe_%7BeR%7D%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%5Cdot%7BU%7D_R%3D(-e_%7BeR%7D)%5ET%5Comega_%7Bue%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A%3D-K%5C%7Ce_%7BeR%7D%5C%7C%5E2%5Cleq%200%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A(e%5E%7B%5Chat%7B%5Cbar%7B%5Cxi%7D%7D%5Cbar%7B%5Ctheta%7D_%7Bwo%7D%7D%2C%20%5Cbar%7B%5Comega%7D_%7Bwo%7D)%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0A(e%5E%7B%5Chat%7B%5Cxi%7D%5Ctheta_%7Bwo%7D%7D%2C%20%5Comega_%7Bwo%7D)%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0AU_R%20%3D%20%5Cphi(e%5E%7B%5Chat%7B%5Cxi%7D%5Ctheta_%7Bee%7D%7D)%2BS_%7B%5Comega%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0AU_R%20%3D%20%5Cphi(e%5E%7B%5Chat%7B%5Cxi%7D%5Ctheta_%7Bee%7D%7D)%2BS_%7B%5Comega%7D%0D%0A%5Cend%7Balign*%7D
http://maru.bonyari.jp/texclip/texclip.php?s=%5Cbegin%7Balign*%7D%0D%0AU_R%20%3D%20%5Cphi(e%5E%7B%5Chat%7B%5Cxi%7D%5Ctheta_%7Bee%7D%7D)%2BS_%7B%5Comega%7D%0D%0A%5Cend%7Balign*%7D

g Evolution of Position Error
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Ve = Uypy, Ve = Uwo — Uwo (Constant velocity)

Y i
Pee = € Vo — (“’u‘n + Wy )pCE = Vo — Vue
Uy = —Kee, Wye = €en
Ve = —KPee
a. 2 o L v
Pee = ef Vo — (Wu.;o + K bl\(t ))Pee — Vo — Vue
vy — Ty, — (n,f +j',,..,p“)—( I —e¥<)yp,  + Ksk(ef¥)p,, )
f ~

= Ve — v:m_ (([ — = )"u-n — Ksk(I - el JPes )
depends on orientation

? Evolution of Position Error

Upe = Kpee (tue = (KT — (i‘u-cn)}"ee)

Technolog

x,. + G (perturbation)

Tokyo sttt Techmolog
i’c = _I{pcf N
fee = Ve = Kpee— (I = %)l = Ksk(I = e )p...)
i
nominal (exponential stable)
- _ Eh. N
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0 /
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0
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[0 l[vwoll2
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iy Theory of Perturbed System (Point 2)

Tokyo Institute of Technolog

1G]l2 < 2¢/d(e8%e) ez + 2/ dlef0ee) vl VLE) — O
) 3(0) (Theorem 1)

System with exponentially stable equilibrium and perturbation
(Nonlinear Systems, Sec. 9.3)

. —KI I - 1
_ .+ G G < vz +
e [—f\'[ [)] z.+G |G| < v(#)]|zell + 6(2)

U, Lyanunov Function for Nominal System W= UI}/2

W = —(c1 — coy(t))W + e36(t), 1, ¢2,¢3 >0

h Theorem 2

‘Tokyo Institute of Technolog

W = —c1 W + e3d(t), e1,¢2,¢3 >0

Assumption 2: 4(t) = 2 ¢(e€9u Mvwsllz — O (the velocity increases
slower than the decay of the square root of the energy function),
Then, both of the position and linear velocity estimates
converge to actual values
Assumption 3: the target model provides a nominal model
with an exponential stable origin such as constant velocity.

Theorem 2: Suppose that the target object motion satisfies
Assumptions 1.1, 1.2, 2 and 3, then the observer input

y(t) —0 ) Ki-& 0
. . Uy = —Kee U= [ 0 I'I} €e
W= —«cW+ (’.35[”‘ c1,c3,¢3 > 0 =
m achieves all the estimates converge to their actual values Aa
Technolog k
iy Constant Velocity iy Constant Acceleration
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+ Concluding Remarks

iy On Assumptions

[1] M. Fujita, H. Kawai and M. W. Spong, “Passivity-based Dynamic Visual Feedback Control for

Three Dimensional Target Tracking: Stability and L2-gain Performance Analysis,” IEEE TCST, Vo]

15.No. 1. pp. 40-52, 2007
‘Technglig,

Tokyo Institute of Technolog

Target Object Motion Model
Ey= .fr'(:f'a‘) L= fw‘('r-u')
Vo= Nv(Ty) Wwo= hy(xy)

Assumption 1.1: the velocity error system is passive from wi
to We with a storage function S, : T
“ g e S, = \.b'j Wy

Assumption 1.2: the state I, is bounded — positively invariance

j.l._ f"‘,.“
Vb = h(zy)

wo

Assumption 2:46(t) = 2 (€% )|[voll2 — 0 (the velocity increases
slower than the decay of the square root of the energy function),

Assumption 3: the target model provides a nominal model with
an exponential stable origin such as constant velocity.
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iy A Variety of Target Motion
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Wol(t) = sin(at) — &yo(t) = —a sin(at)
[W“ "} { ] ﬁ“’”] [“.‘l“"’w:bounded (Assumption 1.2)
W —a* Wwo Wiwo

Wuo "-?uwn _ 1 Worn,
dt "U"" 10 ('D“‘O [] "
(1%701%+1“57%T10 w,]
dt |we| — |—a? 0| |we 0] T T W] |00 1a?] W]

\?%%Ip~

iy A Variety of Target Motion

Tokyo tiuteof Technlog
wWyolt) = ersin(at) + cosin(bt)
— Gwolt) = —a®cy sin(at) — bPes sin(bt)
z1(t) = ¢y sin(at), z2(t) = casin(bt)
i1 = —alzy, Fa = —b2zg
Wao = T1 + T2

Ty 0 1 0 0 T E1 0 1 0 1] Ty 1
d i  |=a* 0 0 0] |i d i _|-a®* 0 0 of|# of
dt ozl Tl 0 0 0 1| |w d |22 0 0 0 1 || |1
EN R e ) 0 0 - 0] |& 0

T
S, = ‘“f} (1] ]O } ({ 0 ] [ ] H.g,,,.) rol 01 0 0] [za 1
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h Conclusion
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In this talk, we have presented a visual motion observer with target
object motion models.

* The velocity loop is closed as a passivation of the pose error loop
*We have presented a two-stage procedure (position convergence
after orientation convergence) in order to allow temporary
position energy increase caused by the orientation error

Roughly speaking, if the velocity error system is passive and the
velocity is bounded, then we can correctly estimate both of the
target object pose and body velocities
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